Studies in the Nitrogen Metabolism of the Apple Fruit CHANGES IN THE NITROGEN METABOLISM OF THE APPLE DURING THE NORMAL AND ETHYLENE-INDUCED CLIMACTERIC RISE IN RATE OF RESPIRATION
BY A. C. HULME, Ditton Laboratory, East Mailing, Kent (Received 16 January 1948) During work carried out over a number of years, it has been found repeatedly that, in Bramley's Seedling apples which have been gathered before the onset of the respiration climacteric and placed in storage, there is a slow rise in net protein content during the period when the respiration climacteric occurs (see, e.g., Hulme, 1936b) . It is not certain, however, that there is a direct connexion between these two phenomena; it may be that both are changes normally occurring in ripening fruit and that their concurrence may be fortuitous. Kidd & West (1932) have demonstrated that the respiration climacteric can be induced even in immature fruits by treatment with ethylene. A net rise in protein content, therefore, in relatively immature apples during an ethylene-induced climacteric rise in respiration would be strong presumptive evidence that the two phenomena are intimately connected. The experiments described in this paper were designed, primarily, to ascertain whether this is the case. Data are also given for changes occurring during the 'normal' (i.e. not ethylene-induced) climactericriseinrespirationwhich occurseventually even in immature fruits.
Data on the nitrogen metabolism of apples at various stages of development on and off the tree, which have accumulated in this laboratory over a number of years, have suggested that, of the soluble nitrogen fractions presumably involved in protein synthesis, asparagine nitrogen is most closely associated with rise or fall in protein. The present experiments provided an opportunity for studying such a relationship over a short specialized period in the ontogeny of the fruit. The period of the climacteric rise in respiration in immature fruits is especially suitable for such a study, since it embraces a relatively rapid rise in protein under conditions of constant content of total nitrogen. Immediately after preparation, three or four samples were rapidly halved, the seeds removed and the fruits of each sample placed in tins and frozen to -20°to await analysis (Hulme, 1936a) . These fruits are the 'initial' samples. The remaining samples were each placed in their respective respiration chambers, which formed part of an apparatus for the determination of their rate of respiration in presence and absence of ethylene. This train of apparatus, which was situated in a constant-temperature room at 120, was similar to that already described (Hulme, 1937) , except that a T piece was inserted between the KOH bubbler and the respiration chamber so that ethylene could be introduced into the train at a definite rate through a needle valve and a calibrated bubble bottle. In the case of Series 1 the respiration chamber took the form of a 2 1. Buchner flask in place of the usual vacuum desiccator, and the C02-absorption towers were replaced by Pettenkofer tubes.
Preparation of materialfor analysis and methods of analysis Separation into peel and pulp tissue and disintegration of the separated tissues was carried out as already described (Hulme, 1936a) . The seeds of the fruits were collected and their total N content determined so that an indication could be obtained of any possible migration of N between flesh and seed. This factor must be considered, since, in the immature fruits used in these experiments, the seeds were only partially developed and appeared to be still organically connected to the cortical tissue.
Total N was determined on a sample of frozen, ground tissue by the usual Kjeldahl method using 100% (v/v) H202
as catalyst in addition to CuS04.5H20. The various N fractions* were estimated as previously described (Hulme, 1936a) , the rapid continuous vacuum * It has been shown (Hulme, 1936b) that glutamine is absent from the apple fruit.
extractor (Hulme & Roach, 1936) being used for the 85% ethanol extraction of the tissue.
Titratable acid was determined in the pulp tissue by the method used previously (Hulme, 1936a (Fisher, 1928) . Variance =@a2/degrees offreedom, a being the deviation of replicates from their mean.
Standard deviation, a =Jvariance. Statistical analysis of the respiration data was considered unnecessary since determinations were made at very frequent intervals and replicate results agreed to within 2-3 mg. CO100 g./100 hr., even during the period of rapid change associated with the climacteric rise in respiration.
Ethylene treatment Series 1. The dosage of ethylene in all cases was c. 1-5 % in the air passing over the treated fruits. This relatively high concentration was used to obtain an immediate response to the introduction of the gas. All twelve samples had been respiring in pure air at 12°for 28 days when the first sample was treated with ethylene; several samples were treated at 36 days, and one final sample at 46 days from zero storage time. Some samples were never treated with ethylene. The time of treatment with ethylene and the time at which treated and,untreated samples were frozen to await analysis will be seen from Fig. 1 . Where several samples were treated at the same time, the subsequent rate of respiration shown in Fig. 1 is the mean rate of al these samples.
Series 2. Dosage was approximately the same as for Series 1, but all the samples to be treated were given ethylene at the same time, i.e. 20 days after placing in the respiration chambers. The points at which treated and untreated samples were frozen to await analysis are indicated in Fig. 2 . The rates of respiration subsequent to ethylene dosage for both treated and untreated samples are the means of the rates for the samples remaining under observation. The number of samples represented by the rate shown in Fig. 2 decreased as samples were removed and frozen.
During the course of the experiments one or two firuits in some of the samples developed infection by moulds. As soon as this was noted the fruit concerned was removed and weighed and the necessary correction applied to the subsequent calculations of rate of respiration. An examination of the appropriate significant of the various nitrogen fractions of the fruit and differences shows that in both series there is no real the total nitrogen content of the seeds during variation, due to uneven picking, in the weight of storage with and without ethylene treatment are the average apple throughout the series and that, as shown in Tables 1-3 . Owing to the small amount would be expected, there is no significant change in of material available, it was only possible to de-the total nitrogen content during storage. Changes termine total, protein and asparagine + mmonia in the fractions of nitrogen are therefore more nitrogen in the peel of the fruit of Series 1.
readily apparent when expressed as a percentage of The levels of significance as between two results total nitrogen. The standard deviations for the in each series ofsamples (the'significantdifference'), various nitrogen fractions expressed on this basis calculatedonthebasisofa20o% probability (P= 0 05) are shown in Table 4 .
are a x 3-17 for Series 1 and a x 2-94 for Series 2.
The changes in protein nitrogen, as a percentage These values may be approximated to a x 3, so that of total nitrogen, together with the correspondin both series a difference between two results greater ing changes in rate of respiration are shown in 3f4 A. C. HULME where the significant differences are 2*2 and 2-0 % respectively, the rise in protein nitrogen subsequent to ethylene dosage is highly significant for both whole fruit and peel. In this series also the onset of the normal climacteric is followed by a highly significant rise in protein nitrogen in both whole fruit and peel. It appears, however, that in both peel and pulp tissues of both series the rise in respiration precedes by some hours the rise in protein content (Fig. 1 , ethylene treatment at 36 hr. and Fig. 2 , both ethylene-treated and untreated samples). The immediate rise in protein following ethylene treatment at 36 hr. in the peel of the fruit of Series 1 is not significant. It is interesting to note that in experiments designed to determine the relative rate of respiration of peel and pulp tissue it has been found (Hulme, unpublished data) that the peel of fruits of 100 g. average weight respires at least three times as rapidly as the pulp tissue. As the present data show, the protein content per unit dry weight ofpeel tissue is at least twice that of pulp tissue and forms a higher percentage of the total nitrogen (see also Hulme & Smith, 1938 and the change in content of protein N in the whole apple and in the peel during the storage of apples of Series 1 in air and in ethylene. An E above an arrow indicates the point at which ethylene was given to samples whose subsequent history is indicated by an interrupted line.
per apple falls rapidly in Series 1 during the first 36 days of storage, but there is no evidence of any change during the climacteric rise in respiration whether ethylene-inducei or not. The fate of the nitrogen lost in the early stages of storage is not Fig. 4 , Series 1, are rather high compared with those of Series 2 owing to the inclusion of ammonia nitrogen in the former case. It is clear that, at both stages of maturity examined, a similar relationship exists throughout the fruit between fall in asparagine and rise in protein.
This general close relationship is confirmed on examination of the correlation coefficients for protein nitrogen on asparagine plus ammonia nitrogen, amino-acid nitrogen and residual nitrogen. Asparagine gives a coefficient (r) of almost unity in every case. The correlation coefficients for amino-acid nitrogen and residual nitrogen are also fairly high, the former not consistently so. Little is yet known of the composition of the residual nitrogen, although it is certain that basic amino-acids are present only in small amounts in the apple (Hullme, 1937) .
Titratable acid. The determination of titratable acid has been carried out as a matter of routine in the study of the nitrogen metabolism of apples which has been proceeding in this laboratory for some years. The results obtained in the present study are included in the tables, since it is clear that immediately before the onset of the respiration climacteric (normal. and ethylene-induced) there is a rise in the amount of titratable acid in thes mmature fruits. This rise is, however, only significant in the case of the samples of Series 2.
DISCUSSION
The above data are insufficient for the development of a theory of the paths of protein synthesis in the apple fruit; the most that can be said is that deamidization of asparagine appears to be closely connected with the synthetic processes. Of interest in this connexion is the fact that, while free ammonia nitrogen never forms much more than 1 % of the total nitrogen, it does tend to rise significantly during active protein loss and when the rate of protein synthesis is slowing down (Series 1 at day 28; Series 2 towards the end of the storage period). SUMMARY 1. Evidence is produced that during the climacteric rise in rate of respiration in immature apples, whether occurring normally or whether induced by treatment of the fruit with ethylene, there is a highly significant rise in the net protein content of the fruit.
2. A strong negative correlation is shown to exist between change in protein content and change in asparagine content, not only during the rise in protein which accompanies the respiration climacteric, but also during the steady fall in protein content which precedes the respiration climacteric in very young fruits. The other forms of soluble nitrogenous constituents show some negative correlation with change in protein content, but the correlation is less consistent. Biochemical work done hitherto on the algae has been concerned chiefly with the vegetative thallus. Mainly because of the difficulties of securing pure material in sufficiently large quantities, very little consideration has until recently been given to the pigmentation of the reproductive bodies. Among the lower plants, the male gametes of many algae are known to be yellowish in colour, in contrast to the rather more green female gametes, and this difference is especially marked in heterogamous and oogamous plants.
The members of the family Fucaceae (class Phaeophyceae), so abundant on many parts of our British shores, reproduce oogamously by means of minute motile, biciliate sperms and larger nonmotile eggs. The dioecious members of the Fucales are especially convenient for study, in that large quantities of both male and female gametes can be obtained in a pure state and free from any possibility of contamination by gametes of the other sex. In the same family, monoecious species also occur, and thus provid& material for comparison with the dioecious types.
In the Fucaceae, the antheridia and oogonia are produced within flask-shaped, sunken cavities, the conceptacles. These occur at the periphery of somewhat swollen and mucilaginous receptacles, which' in some species are modifications of some of the dichotomies of the thallus as in Fucus serratus, F. vesicosus and F. &pirali8, or in other genera, of the apices of special lateral deciduous fruiting bodies, as in AscophyUum nodosum.
The gradual extrusion of groups of mature eggs and sperms through the openings (ostioles) of the concepte4cjes, normally occurs between the tides, and is probably brought about in part by the expansion of mucilage, together with contraction on desiccation. In nature, the gametes are removed from the purface of the conceptacles by the incoming tide and fertilization thus takes place outside the parent plant.
The numerous minute biciliated sperms contain a small yellowish chromoplast, and the mature aggregates of sperms therefore appear orange-yellow, which colour they impart to the entire receptacle. This affords a means of distinguishing the male plants in the dioecious species of the Fuci at the time of gamete discharge. In the preparation of material for the present experiments, however, colour alone was not considered to be a sufficiently safe criterion, and a section of a receptacle of every plant collected was examined microscopically, in order to confirm the accuracy of the separation of the male and female plants. Moreover, plants were selected from all parts of the zone of their distribution on the Aberystwyth shore.
The marked orange colour of the exudate of the male plants of the dioecious members of the Fucaceae in their fruiting season, in striking contrast to the olive-green colour of the female-plant exudate, suggested that the colQuring matter of the chromatophores of the male and female gametes might possibly be connected with the reproductive process. It seemed feasible that the light-absorbing
